The localization and activity of polyamine oxidase (PAO; EC 1.533), was investigated in leaves and protoplasts of oat seedlngs. Activity of the enzyme is highest with spermine as substrate; spermidine is also oxidized, but putrescine and cadaverine are unaffected by the enzyme. Protoplasts isolated following digestion of leaves with cellulase in hypertonic osmoticum showed no PAO activity, and about 80% of the total leaf PAO activity could be accounted for in the ceOl wai debris. Histochemical localization experiments showed intense PAO activity in guard cells and in vascular elements whose walls are not digested by cellulase. When protoplasts were cultured in a medium suitable for regeneration of cell wall, PAO activity could be detected as the cellulose wail developed. Thus, PAO appears to be localized in cell walls.
The polyamines spermidine and spermine and the related diamines putrescine and cadaverine are constituents of most if not all organisms. They appear to play an important role in cell growth, division, and differentiation (2, 4, 9) , possibly because of their polycationic association with nucleic acids and other anionic macromolecules.
We have reported previously that the polyamines and their precursors L-arginine and L-lysine are potent inhibitors of senescence in oat mesophyll protoplasts and in leaf tissue of various monocots and dicots (1, 14) . In addition to stabilizing protoplasts against lysis, they promote the synthesis of macromolecules including DNA, increase the frequency of mitotic divisions (15) and inhibit the senescence-linked rise in RNase, protease, and Chl breakdown activities in protoplasts and leaves (8, 13, 14) . If the polyamines act in vivo to promote mitosis and prevent senescence, then it might be expected that polyamine titer would fall as cells cease division and enter senescence. At that point, enzymes oxidizing polyamines should increase in activity.
PAO,2 also known as spermine oxidase (EC 1.5.3.3), is known to be especially active in leaves of cereals (26) . Although the enzyme from oat leaves has been well characterized (25), its possible role in regulation of cell growth and senescence has not 'Supported by National Science Foundation Grant DAR 7813294 to A. W. G. 2Abbreviation: PAO, polyamine oxidase. been explored. The present investigation was undertaken to determine the localization and changes in titer of PAO in attached and excised leaves of oats in connection with its possible role in regulation of senescence.
MATERIALS AND METHODS
Plant Material. Oat (Avena sativa L. var. Victory) seedlings were grown in vermiculite in controlled growth rooms with a 16-h photoperiod of 12,000 lux intensity as detailed in an earlier report (7) . The first leaf of 1-week-old seedlings and protoplasts isolated from these leaves were used to study the localization of PAO. Activity of PAO was measured in the intact first leaf of 1-to 3-week-old seedlings and in excised first leaf of 2-week-old seedlings.
Preparation and Culture of Protoplasts. Protoplasts were prepared by a procedure (15) involving surface sterilization of the leaves, stripping of the lower epidermis and exposure of the peeled side of leaf tissue to cell wall-degrading enzyme (Cellulysin, Calbiochem) in 0.6 M mannitol. The isolated protoplasts were washed by centrifugation and resuspension in the osmoticum and cultured in B5 medium (10) containing additives (16) to promote cell wall regeneration. In addition, putrescine or spermidine (1 mM) was added to the cultures to stabilize the protoplasts against lysis and to increase their macromolecular biosynthetic activity (1) . The protoplast suspensions were cultured as hanging drops (15) or as thin layers of 2 to 3 ml in 15 x 60 mm Petri dishes and incubated in moist chambers in the dark at room temperature. All manipulations were performed aseptically in a laminar flow hood.
The partially digested leaf pieces remaining after removal of protoplasts were used to study the localization of PAO.
Senescence of Excised Leaf Segments. Four median 45-mm long leaf sections from which the lower epidermis had been stripped were floated, stripped side down, either on 5 ml of 1 mm phosphate buffer (pH 5.8), or on buffered solutions containing polyamines or other senescence inhibitors. The dishes were incubated at room temperature in the dark or light (12,000 lux) for 48 h. At intervals, the leaves were washed thoroughly with distilled H20 and the crude enzyme extracted and assayed. Most of the experiments were done under aseptic conditions (14) .
Enzyme Extraction. Two median 45-mm long leaf pieces (fresh weight about 65 mg) were homogenized in I ml of 100 mM phosphate buffer (pH 6.5) in chilled mortars. To obtain protoplast homogenates, pellets from 106 protoplast/ml suspensions were "vortexed" with 1 ml of the buffer. The homogenates were then placed in the cold for 30 min and centrifuged at 12,000g for 10 min at 4 C. The resulting clear supematant fractions were assayed for PAO activity.
Enzyme Assay. PAO activity in leaves and protoplasts was determined by: (a) Peroxidase/guaiacol method. The procedure used was modified from Smith (24) and involved measurement of the rate of peroxidative oxidation of guaiacol by H202 released in enzyme extracts from leaf homogenates with spermidine or sperm-POLYAMINE OXIDASE IN CELL WALLS ine as substrates. The reaction mixture consisted of I ml of 100 mm phosphate buffer (pH 6.5), 0.05 ml each of 25 mm guaiacol and 1 mg/ml of peroxidase (Horseradish Type II, Sigma) and 0.1 ml of crude enzyme. After preincubation of mixture at room temperature for 2 min, 0.02 ml of 10 mm of spermidine or spermine was added and the A at 470 nm was measured. (b) Starch Reagent Method. To localize PAO activity in the leaf tissue, the histochemical method of Smith (22) was used. Four 45-mm long peeled leaf segments or partiallz digested leaves remaining after cellulytic digestion or 5 x 10 protoplasts contained in 100 X suspension were floated on a reagent containing 1.3% soluble starch, 20 mm potassium iodide and 10 mM spermine in 1 mm phosphate buffer (pH 5.8, for protoplasts 0.6 M mannitol was included) for a period varying from 30 min to several hours. The development of the blue starch-iodine color was the result of r-oxidation to I' by enzymically generated H202 formed following addition of selected polyamines. This color was presumed indicative of PAO activity. seedlings which oxidizes only spermidine and spermine. The pH for optimal stability and activity of the enzyme was 6.5 in phosphate buffer with either polyamine as substrate. The enzyme was more active with spermine than with spermidine. In this respect, the PAO from oats resembles that from barley but differs from PAO in maize, in which spermidine is the preferred substrate (26).
The enzyme is inhibited by f?-hydroxyethylhydrazine, resembling in this respect the polyamine oxidases from leaves of other cereals, but differing from legume amine oxidase (the only other intensively studied plant enzyme known to oxidize polyamines) in its inability to oxidize putrescine and cadaverine (24, 27).
Localization of PAO. Determinations of PAO activity in the leaf tissue, using the peroxidase/guaiacol assay, indicated that the enzyme is loosely bound to the cell wall. The results in Table I demonstrate that about 80%o of the PAO activity is associated with cell wall debris in the Cellulysin digest while virtually no activity is found in protoplasts devoid of cell wall. These protoplasts were more than 90%o intact, as judged by exclusion of Evans Blue (12) .
The residue of the enzymically digested leaves, consisting of vascular strands, guard cells, and a few intact cells, showed only about 22% of the total activity. These results are in contrast with the observation that the enzyme from homogenized barley leaves is associated with a dense particulate fraction that can be sedimented in low centrifugal fields (23) . We believe that the evidence involving nondisruptive protoplast preparation is more conclusive than that from experiments in which leaves are homogenized. In the latter instance, a "sticky" PAO might become associated with charged particles in the cell. The report that PAO activity sediments in fields as low as 100 g (26) supports the view that cell wall fragments, rather than an organelle, may be involved. To ascertain further the localization of PAO, its activity in the cell wall was measured by the histochemical starch method. The intensity of the blue color, which develops with spermidine or spermine as substrates, shows that the activity is highest in the Cellulysin digest of leaves following cell wall dissolution. However, some activity was again specifically bound to vascular strands, guard cells, and cell walls of unreleased protoplasts in the partially digested leaves, while no activity was found in the protoplasts (Fig. 1) . Using the same technique, Smith (22) also observed that most of the enzyme activity in maize leaves was associated with vascular strands.
Since the peroxidase/guaiacol and starch reagent assays are based on enzymically generated H202, it may be argued that the high endogenous levels of catalase in oat protoplasts may decompose H202 generated from polyamine oxidation, thus resulting in a spuriously negative test for PAO in protoplasts. Homogenates of protoplast were therefore treated with 2,4-dichlorophenol (l0-4 M) specifically to inhibit catalase activity (I1) prior to the determination of PAO activity. No activity was observed in these protoplast homogenates, suggesting that the enzyme activity is not associated with protoplasts.
Another possible reason for the absence of PAO activity in protoplasts would be the presence of a low molecular weight PAO inhibitor. However, activity determinations following extensive dialysis of the homogenates revealed no PAO activity, thus arguing against such an inhibitor. In another set of experiments, protoplast homogenates were mixed 1:1 with total leaf homogenates prior to the peroxidase/guaiacol assay. The observed activity was half of the leaf homogenate activity, again suggesting the absence of a PAO inhibitor in protoplasts.
We used 0.6 M mannitol solution as the osmoticum for protoplast isolation. It has been reported that mannitol at concentrations of 0.6 to 0.8 M inhibits in vitro phenylalanine ammonia-lyase activity in protoplasts isolated from tobacco leaves (17) . To ascertain that the 0.6 M mannitol used in our experiments is not responsible for lack of PAO activity in the protoplast homogenates, we added 0.6 M mannitol to leaf homogenates prior to the assay. No decrease in PAO activity occurred. These results show that protoplasts isolated from oat leaves neither have PAO activity nor contain an inhibitor of PAO.
PAO Activity in Protoplast Cultures. To confirm the localization of PAO activity in the cell wall, protoplasts were cultured in a medium optimal for regeneration of the cell wall. The results in Figure 2 show that there was little or no PAO activity in the freshly isolated protoplasts or in the 24-h-old cultures. The enzyme was first detected in 48-h cultures, after which its activity continued to increase with time, showing a peak in 7-day-old cultures. The development of the PAO activity appeared to coincide with regeneration of the cell wall, as observed by Calcofluor White staining (16) . This confirms that PAO activity is associated with the cell wall and not with protoplasts. Enzyme Specificity. The results in Table II show that the enzyme in leaf segments exhibits specificity for spermidine and spermine, as determined by the starch reagent assay. No activity was detected when the diamines putrescine or cadaverine were substituted for the polyamines. Similar substrate specificity was observed in cultured protoplasts. All these observations were confirmed by the peroxidase/guaiacol assay.
Thus, the absence of PAO activity in freshly isolated protoplasts and its presence in protoplasts with regenerated cell walls indicates that the enzyme is located in the cell wall. Furthermore, similarity of enzyme specificity in homogenates of the leaf and the protoplasts suggest that the same enzyme is formed in the cultured protoplasts.
Kinetics of PAO Activity in Attached and Detached Leaves. The enzyme activity as measured by the peroxidase/guaiacol assay in attached leaves was highest in young leaves and decreased with age. Levels of protein and Chl, used as measure of senescence (14) also decreased with age (Fig. 3) .
A similar decrease in PAO activity and Chl content of detached leaves occurred with increasing time of incubation in the dark or light (Fig. 4) . However, the rate of the decrease in PAO activity was greater than the decline in Chl content. In light, PAO activity declined more rapidly than in the dark during the first 24 h, while the decrease in PAO activity was the same in both light and dark at the end of the 48-h incubation period. In contrast, Chl degradation occurred at the same rate during the first 24 h but decreased more rapidly in the dark than in the light during the next 24 h of incubation (Fig. 4) . While both PAO activity and Chl content decrease with senescence of oat leaves, hydrolytic enzymes such as RNase and proteases are known to increase dramatically (14, 28, 29) . Since high levels of hydrolytic enzymes are associated with senescence and polyamines prevent their increase, it might have been expected that PAO activity also should have increased with senescence. However, the decrease in its activity suggests that PAO is not involved in oat leafsenescence; rather, our unpublished results indicate that senescence is correlated with a decline in polyamine biosynthesis.
Effect of Senescence Inhibitors on PAO Activity. The effects of the senescence inhibitors cytokinins and cycloheximide (13, 19) and polyamines (14) show (Table III) (Table III) . Thus PAO, which is restricted to the cell wall, is apparently not involved in processes controlling senescence in oat leaves. If PAO is in the wall, one presumes that its substrates, spermidine and spermine, would also be located there, as well as in other cellular locales. What possible role could polycationic polyamines have in the apoplast? It is significant that cellulosic walls with high negative charge densities can bind large quantities of cations (6) , and that such an apoplastic continuum probably serves as a pathway for ion transport between flexor and extensor motor cells of leguminous pulvini (3) . Thus, metabolism of polycationic polyamines might furnish a regulable and variable parameter for influencing and changing the flux of such important ions as Ca2+ and K+ in cell walls. The fact that the activity of one of the major polyamine biosynthetic enzymes, arginine decarboxylase, is regulated by the state of phytochrome (5), which also regulates apoplastic salt flux (21) gives further support to this possible connection.
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